Inline Optical CVD for Silicon Deposition at Low Temperature and Atmospheric Pressure  by Augusto, André et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review by the scientific conference committee of SiliconPV 2015 under responsibility of PSE AG
doi: 10.1016/j.egypro.2015.07.079 
 Energy Procedia  77 ( 2015 )  551 – 557 
ScienceDirect
5th International Conference on Silicon Photovoltaics, SiliconPV 2015 
Inline optical CVD for silicon deposition at low temperature and 
atmospheric pressure 
André Augustoa**, Filipe Serraa, Jorge M. Alvesa, António M. Vallêrab, João M. Serraa*  
aUniversidade de Lisboa-Faculdade de Ciências, IDL, Campo Grande C8, Lisboa 1749-016, Portugal 
bSDSIL Lda, ICAT, Campo Grande, Lisboa 1749-016, Portugal  
Abstract 
This manuscript describes and presents results obtained with an inline optical CVD system operating at low temperature 
(<1100K) and at atmospheric pressure. Nanocrystalline silicon layers were grown on top of a moving (>10mm/min) compressed 
silicon powder substrate. The deposition parameters, together with the silicon powder substrate feature, provide a solution for a 
contamination free layer to be detached and used as a pre-ribbon for solar cell formation. 15 cm long nanocrystalline silicon pre-
ribbon samples were grown at a speed of 10 mm/min with deposition rates up to 90 μm/min. 
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1. Introduction 
It is well known that wafers represent more than 1/3 of the final cost of ingot based silicon PV modules [1]. In 
commercial silicon-to-wafer process flow, highly pure silicon feedstock is subjected to two high thermal budget 
processes. The first is a gas-to-polysilicon process, e.g. Siemens and Fluidized Bed Reactor processes; the second is 
a chunk-to-liquid-to-ingot crystallization in a crucible, spending more energy and contaminating the feedstock. 
Finally the ingot is sliced into wafers. Overall, 60% of the silicon feedstock material is lost in the process [2]. 
 
 
* Corresponding author. Tel.: +351-217500132; fax: +351-217500000. 
E-mail address: jmserra@fc.ul.pt 
 
** now at Arizona State University, Electrical Engineering, P.O. Box 875706 Tempe, Arizona 85287-5706, USA 
Available online at www.sciencedirect.com
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review by the scientific conference committee of SiliconPV 2015 under responsibility of PSE AG
552   André Augusto et al. /  Energy Procedia  77 ( 2015 )  551 – 557 
Techniques that will provide paths to shortcut some of these feedstock-to-wafer steps, with better material yield, 
have therefore gained interest in recent years. A solution capable of delivering silicon wafers compatible with PV 
industry standards and based on a gas-to-wafer process is described in this work. The SDS process is a two-step [3] 
inline process: first a mechanically self-sustained nanocrystalline silicon layer is grown continuously on top of 
compressed silicon powder (sacrificial layer) at low temperature (<1100K) and atmospheric pressure. The detached 
layer, the pre-ribbon, is then crystallized into a multicrystalline ribbon by a floating molten zone (ZMR) technique. 
The ZMR process is described in detail elsewhere [4] while the inline CVD process (iCVD) is addressed in this 
manuscript. Although the main purpose of this system is the preparation of silicon wafers, it has also been used to 
deposit silicon layers over crystalline or sintered silicon substrates [5]. 
2. CVD concept originality 
2.1. Substrate and operation regime 
In a gas-to-wafer process the substrate plays a central role since it will affect the characteristics of the deposited 
film, both in terms of morphology and impurity contamination. Another important aspect is the possibility of 
detachment that a given substrate may provide. Standard CVD techniques [6] to grow epitaxial crystalline films 
operate on regimes of high temperature or/and low pressure. An example of low cost atmospheric pressure CVD 
(APCVD) is the system developed by Fraunhofer ISE [7]. This system uses halogen lamps, similarly to iCVD, but 
operates at high temperatures (>1400 K), contrary to iCVD. The iCVD operates in the nanocrystalline/amorphous 
temperature range (<1100 K), far from the epitaxial temperature growth range (> 1250 K), as represented in Figure 
1. Both systems operate at ambient pressure. 
 
Fig. 1. Typical deposition temperatures and growth rates to grow crystalline (c-Si), microcrystalline (μc-Si) and amorphous (a-Si) silicon [8]. The 
iCVD operates at the shaded area.. 
 
In the iCVD process, nanocrystalline silicon is grown at temperatures below 1100 K and at atmospheric pressure 
on top of a high purity compressed silicon powder carried by a low cost substrate holder. The inline operation drives 
the need for high growth rates. The iCVD tackled this issue by adopting a specific fluid dynamics configuration and 
by adjusting the deposition atmosphere. In iCVD the hot regions arrangement imposes gradients of temperature in 
horizontal (x-axis) and vertical directions (z-axis), creating convection cells of the gas inside the deposition 
chamber. According to J. Bloem and L.Giling [8], if the substrate surface does not inhibit decomposition and 
deposition of reactant molecules, growth rate depends exclusively on the number of activated reactant species 
striking the substrate.  
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The main features of the process are therefore: 
  
x temperature range (<1100 K) far from crystalline growth range (>1250 K); 
x atmospheric pressure; 
x use of a Si powder substrate to provide easy detachment and no contamination. 
In iCVD, the precursor gas for silicon deposition is silane diluted in hydrogen. At atmospheric pressure, silicon 
growth rates increase when inert gases are used as carrier gases, as a lower partial pressure of hydrogen favors 
decomposition of silane and increases the adsorption probability of reactant species [9]. The benefits of using inert 
gases are particularly important at lower temperatures, since at lower temperatures the growth rate is nearly pressure 
independent when inert gases are used [10]. The forced gas convection cells inside the iCVD reactor not only 
increase the striking rate of reactant species, leveraging the growth rate, but also effectively trap the reactant species 
inside the reactor for long times, promoting a very efficient use of the feedstock silane gas. 
2.2. Experimental setup 
The iCVD system setup designed and built at the University of Lisbon (see Figure 2) uses three elliptical mirrors 
with halogen lamps and a moving substrate (speed between 1 and 20 mm/min) in an atmosphere containing silane. 
 
 
Fig. 2. Schematic representation of the iCVD process for 3 mirrors arrangement (left). Deposition occurs at the dashed line, where the powder 
substrate crosses one of the three hot regions (right). 
 
The reactor encase is made in aluminum with a quartz window placed on top. Reactor internal dimensions are 
700mm long, 90 mm width and 65mm high. Radiation gets in reactor through the top quartz window (300 x 90 
mm2). The substrate is placed on a steel car with wheels and pulled by a steel wire system that is part of the motion 
system. The elliptical mirrors and halogen lamps create hot regions 2 mm wide (along the x-axis) and reactor wide 
(along the y-axis). In this setup the maximum practical width of the deposition is 4 cm, and is limited by the length 
of the filament of the lamps.  For wider deposition areas, the radiation intensity decrease towards the edges of the 
filament results in the decrease of the temperature and therefore a decrease of the deposition rate at the edges.  
The three hot zones created by the focused radiation have a separation of 7 cm and the distance between the 
elliptical focal points of each mirror is 10 cm. 
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The silicon growth takes place on top of the compressed silicon powder substrate, which is carried by a quartz 
plate. The typical deposition parameters are summarized in Table 1. 
 
        Table 1. Typical deposition parameters 
Argon   (l/min) Hydrogen (l/min) Silane   (l/min) 
Elect. Power 
(W/lamp) Pressure (bar) 
Substrate 
speed 
(mm/min) 
0.6 0.36 0.04 700-720 1 10 
 
3. Results 
3.1. Silicon powder substrate 
The deposition substrate is composed of compressed silicon powder, with density between 0.1-0.3 g/cm3. The 
thermal conductivity of the silicon powder was measured using a thermal properties analyzer for porous materials. 
For temperatures between 295-298K the measured thermal conductivity was 0.040 ± 0.001 Wm-1K-1, four orders of 
magnitude lower than crystalline silicon (156 Wm-1K-1 at 300K) and two orders lower than the conductivity of 
silicon dioxide (1.4 Wm-1K-1 at 300K).  
The measured reflectivities between 700-1100 nm for compressed silicon powder before and after deposition 
were, respectively, 86% and 70% lower than the measured reflectivity for polished monocrystalline silicon. 
The conjunction of low thermal conductivity and low reflectivity result in high temperatures at the focal point of 
the elliptical mirrors, which enhances the deposition rate, both from a static point of view, regarding deposition 
temperature, and from a dynamical point of view, by creating the convection gas flow cells inside the deposition 
chamber. 
3.2. Temperature profile 
Measured temperature profiles on the powder substrate are shown in Figure 3 and clearly show the well defined 
deposition regions created by the focused radiation. This is a consequence of both the low thermal conductivity and 
low reflectivity of the powder.  
This profile, together with the cold walls of the reactor, generate the vertical convection gas flow cells that 
enhance the deposition rates and silane decomposition yield. The first hot region, closer to the gas inlet (left peak), 
shows a lower temperature, because fresh gas is supplied at room temperature. 
During growth however the deposition will take place mostly on top top of the powder bed. Therefore during the 
whole deposition process the surface conditions will be changing, namely the surface reflectivity, as can be seen fi 
Figure 2, and the surface thermal conductivity since a solid silicon layer is being deposited. 
Using the temperature measurements shown in Figure 3, and having defined the final reactor geometry, it was 
possible to tune the previous Computational Fluid Dynamics (CFD) model [11]. The CFD modeling is based on 
finite element analysis (FEA) tool, the Flow Simulation® in SolidWorks® environment. The algorithm calculates 
heat exchanges between the system and silicon sample by conductive, radiative, and convective phenomena. 
Calculations are based on Favre averaged Navier-Stokes and Newton law equations for convective, on Fourier law 
for conductive, and on discrete ray Monte-Carlo approach for radiative heat exchanges. 
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Fig. 3. Temperature profile measured on the deposition plane in x and y directions. In the y direction, only half of the plane is represented due to 
symmetry reasons  
Figure 4 shows CFD results for the fluid behavior in the deposition region. The atmosphere used in the 
simulation was a mixture of argon (60vol%) and hydrogen (40vol%). 
 
Fig. 4. Cross-section front view of particle trajectories obtained with CFD simulation. The gas is hotter in the focus regions over the substrate. 
 
3.3. Morphology and growth rate 
The X-Ray diffraction spectrum of the deposited and detached pre-ribbons shows evidence of crystallinity (graph 
not shown). The upper region of the pre-ribbon is quite compact, whereas in its lower region (where deposition was 
initiated) voids are evident and the density falls (see Figure 5). This observation indicates that silane and its 
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byproducts diffuse through the top of the powder layer, and that some of the powder is incorporated in the pre-
ribbon after detachment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. SEM cross-section image of the pre-ribbon. 
 
Due to powder incorporation sample porosity is sizable after CVD. The average powder incorporation is 37.7 ± 
2.8 wt%, resulting in porosities and densities of 22.9 ± 5.3 % and 1.80 ± 0.12 g.cm3, respectively. The remaining 
powder layer is reused in sub sequential experiments. Pre-ribbon thicknesses are between 400-500 μm, and their 
volume is reduced 25% after recrystallization. Procedures to manufacture thinner and more compact pre-ribbons are 
in progress, aiming at thicknesses after CVD under 300 μm. Pre-ribbon dimensions are constrained only by the 
CVD and recrystallization reactor sizes. Presently samples are 15 cm long and 2.5-3.5 cm wide. 
 
Fig. 6. Growth rate dependency with exposure time (tHR). White diamonds are typical exposure times (bottom x-axis). Black squares are very 
long exposure times only used to study the growth rate evolution (top x-axis). 
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Growth rate (GR) at hot regions is estimated by measuring the mass difference (ǻm) before and after deposition, 
according to  
ܩܴ ൌ ௱௠
ఘௌ௜ൈ஺ௗ௘௣ൈ௧ுோൈேுோ
   (1) 
where ȡSi is the crystalline silicon density (2.329 g/cm3); Adep is the deposition area; tHR is the exposure time to 
the hot region; and NHR is number of times that the substrate crossed a hot region. 
As seen in Figure 6, the deposition rate GR will settle at a lower value for long exposure times. As deposition 
proceeds, the pores in the surface of the substrate, exposed to the silane gas mixture, become more and more closed, 
preventing additional diffusion through the layer. As the deposited silicon layer is building up, both surface 
reflectivity and thermal conductivity increase. These changes will induce a reduction in temperature and growth rate 
with time, resulting in a more compact structure. 
4. Conclusions 
An inline optical CVD process operating at low temperature (<1100K) and at atmospheric pressure was 
demonstrated to be effective in growing nanocrystalline silicon pre-ribbons on top of a compressed silicon powder 
substrate moving at constant speed of 10 mm/min, with deposition rates in the hot regions up to 90 μm/min. Such 
growth rates result from a unique combination of substrate nature, flow dynamics, gas precursor and carrier gases 
choices. The grown pre-ribbons are impurity free since no foreign materials are in contact with deposited silicon, 
and the process is carried out in a cold wall reactor. The impurities found are the impurities already present in 
industrial fluidized bed reactors. Infra-red spectroscopy shows no presence of oxygen after crystallization. The 
incorporation of powder in the samples origins sizable porosities; nevertheless float zone crystallization (the second 
step of the SDS process) was successfully performed. After crystallization, sample thicknesses are reduced by 25%. 
These results are a step towards a SDS process proof-of-concept.  
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